The aim of this study was to compare different calculation methods to determine the lipophilicity, expressed as log P value, of seven ACE inhibitors (enalapril, quinapril, fosinopril, lisinopril, cilazapril, ramipril and benazepril) with significantly different structures. Experimentally determined n-octanol/water partition coefficients, log P O/W values, were obtained from relevant literature. The correlations between all collected log P values were studied and the best agreement between calculated log P and experimentally determined log P O/W values was observed for KOWWINlog P or Milog P values (r = 0.999 or r = 0.974, respectively). The correlations between all collected log P values and chromatographically (reversed-phase thin-layer chromatography) obtained hydrophobicity parameters, R M 0 and C 0 , were established. Good correlations (r > 0.90) were obtained in the majority of relationships. The KOWWINlog P was established as the most suitable hydrophobicity parameter of the investigated group of ACE inhibitors with r = 0.981 for correlation with R M 0 and r = = 0.977 for correlation with C 0 parameters (water-methanol mobile phase). Using multiple linear regressions, it was established that application of two selected log P, calculated by different mathematical approaches, led to very good correlation due to the benefits of both calculation methods. The good relationships indicate that the computed log P, with careful selection of method calculation, can be useful in ACE inhibitors lipophilicity evaluation, as a high-throughput screening technique.
Lipophilicity is one of the most significant properties of biologically active substances that attract considerable interest in medicinal chemistry, pharmacokinetics and environmental science. Due to hydrophobic interactions of the drugs with biological targets, penetration across biological membranes during drug transport, as well as toxic aspects of drug action, lipophilicity is of great importance in drug research [1] . Lipophilicity influences drugs absorption, distribution, binding to plasma proteins and elimination [2, 3] . Lipophilicity is characterized by the n-octanol/water partition coefficient (log P O/W ), and the traditional technique for experimental determination of molecule lipophilicity, i.e., its log P value, is the so-called shake flask method [4] . Chromatographic techniques, such as thin-layer chromatography (TLC) [5, 6] , as well as high-performance liquid chromatography (HPLC) [7] and ultra-high perfor-mance liquid chromatography (UHPLC) [8, 9] , are known as well-established methods for evaluation of lipophilicity. Those methods can yield a significant amount of quantitatively comparable, precise and reproducible retention data for large sets of structurally different compounds, which can be correlated with their physicochemical and biological properties. Alternatively, in silico hydrophobicity parameters, calculated log P values, are generally accepted as a measure of a drug's lipophilicity [10] . Recently, calculated log P values have been used in lipophilicity evaluations of several newly synthesized s-triazine derivatives of pesticides and different bile acids [11, 12] . Also, the acidity, lipophilicity, solubility or absorption of antihypertensive drugs have been theoretically considered by the use of computer programs based on their molecular structure [13, 14] .
Angiotensin -converting enzyme (ACE) inhibitors, represent an important group of drugs widely used in the treatment of hypertension, congestive heart failure and renal failure, especially in patients with diabetes mellitus and/or proteinuria, and today they are the most commonly prescribed antihypertensive drugs [15] .
ACE inhibitors can be subclassified into three groups based on the differences in chemical structure: those with a sulfhydryl group (represented by captopril), those with a carboxyl group (represented by enalapril) and those with a phosphinic acid group (represented by fosinopril) [16] or according literature [15] sulfhydrylcontaining inhibitors, dicarboxylate-containing inhibitors and phosphonate-containing inhibitors. The majority of ACE inhibitors are prodrugs and, following administration, they undergo ester's hydrolysis into di-acid active metabolites, with the exception of lisinopril, which is already in di-acid form. In biological materials, plasma, serum or urine, ACE inhibitors can be found as their metabolites just several hours after administration [15] .
According to the available literature, a number of authors have investigated the relationship between lipophilicity and ACE inhibitors pharmacological activity, duration of action and absorption [17] [18] [19] . In our previous chromatographic studies, the lipophilicity of several ACE inhibitors was examined under different conditions, reversed-phase (RP) as well as normalphase (NP) TLC [20] [21] [22] . RP-TLC [20] , performed on RP--18 silica gel plates with different binary solvent systems, was established as a suitable method in ACE inhibitors lipophilicity evaluation. Continuing this research, in the present study, correlations between calculated hydrophobicity parameters (different log P values) and chromatographically obtained R M 0 and C 0 values, as reliable measures of lipophilicity, were examined by simple and multiple linear regression (MLR) analysis. The aim of this work was to establish applicability of in silico hydrophobicity parameters, computed log P values, in ACE inhibitors lipophilicity evaluation.
EXPERIMENTAL
The selected ACE inhibitors were investigated: 1. Enalapril maleate (Krka Research and Development Division; Novo Mesto, Slovenia).
2. Quinapril hydrochloride (Hemofarm Stada Pharmaceutical Industry; Vršac, Serbia).
3. Fosinopril sodium (Bristol-Mayers Squibb Pharmaceutical Research Institute, Princeton, NJ, USA).
4. Lisinopril dihydrate (Belupo Pharmaceutical Cosmetic Quality Control Department, Zagreb, Croatia).
5. Cilazapril monohydrate (Roche Pharmaceuticals, Paris, France).
6. Ramipril (Hemofarm Stada Pharmaceutical Industry; Vršac, Serbia).
7. Benazepril hydrochloride (EP Reference Standard, Strasbourg, France).
The TLC examination of ACE inhibitors lipophilicity was performed by RP-TLC, as previously reported [20] , with additional experiments under the same conditions including ramipril and benazepril in this study.
The Microsoft Excel 2003 and Origin 7.0 PRO (Origin Lab Corporation, USA) were used to perform the statistical analysis of the regression. The different ACE inhibitors log P values were calculated using software packages: Molinspiration Depiction Software, Molinspiration Cheminformatics (MilogP) [23] , Virtual Computational Chemistry Laboratory (AlogPs, AClogP, AB/ /logP, AlogP, MlogP, KOWWINlogP, XLOGP2, XLOGP3) [24] and CS Chem Office, version 7.0 (ClogP) [25] . Experimentally determined log P O/W values of examined ACE inhibitors were obtained from Clarke's Analysis of Drugs and Poisons [26] .
RESULTS AND DISCUSSION
In this research, seven ACE inhibitors ( Figure 1 ) were studied in order to evaluate correlation between their calculated and chromatographically obtained hydrophobicity parameters. The systematic investigation of ACE inhibitors was carried out using the previously described RP-TLC method [20] with the addition of two ACE inhibitors: ramipril and benazepril. The ramipril and benazepril log P values were in-between the highest and the lowest log P of two drugs (fosinopril and lisinopril, respectively).
Using obtained R F values, the parameters R M were calculated for each solute in each mobile phase according to the Bate-Smith and Westall equation [27] :
The retention behavior of investigated substances was presented as the relationship between R M values and content of organic modifier in mobile phase, C, by the linear equation:
The value of the intercept, R M 0 , represents the lipophilicity of the examined substance while the value of the slope, m, corresponds to the specific hydrophobic surface area of the substance in contact with the stationary phase. Another hydrophobicity parameter, C 0 , was calculated by the relationship between 0 M R and m values:
Parameter C 0 represents the volume fraction of the organic modifier in mobile phase for R M = 0 [5, 6] .
The hydrophobicity parameters, R M 0 and C 0 , obtained in RP-TLC using three mobile phases (water-methanol, water-acetone, and water-ethanol) [20] are presented in Table 1 .
The different log P values, as lipophilicity descripttors of seven investigated ACE inhibitors were calculated using different software packages [23] [24] [25] . The all collected log P values of examined ACE inhibitors: cal- [26] are presented in Table 2 . The methods used for log P calculation can be classified as substructure-based or property-based methods [10] .
There are two groups of substructure-based methods: fragmental and atom-based. The fragmentalbased methods cut molecules into different fragments with application of correction factors. Summing all fragment contributions gives the final log P. Several log P values (KOWWINlogP, ClogP, MilogP, etc) can be calculated using fragmental methods. The atom-based methods (AlogP, XlogP2, XlogP3, etc.) cut down molecules to the single atoms and commonly do not apply corrections [10] .
The property-based methods employ the description of the entire molecules and include: empirical, methods based on molecule's 3D-structure or methods based on topological descriptors (Alog Ps) [10] .
The differences between above presented calculation methods led to distinctions between absolute ACE inhibitors log P values ( Table 2) . The relationships between all collected log P values were studied. The obtained coefficients are presented in Table 3 . Although good agreements were obtained between all collected log P values, the best can be observed between experimentally determined log P O/W [26] and three calculated log P values: KOWWINlog P (r = 0.999), AClog P (r = 0.994) and Milog P values (r = 0.974). Table 3 shows good agreement (as proposed in literature [28] ) with r > 0.90 between log P values calculated using different methods: fragmental (KOWWINlog P) and the atom-based methods (XlogP2, XlogP3). Opposite to these findings, in RP-TLC characterization of ADME data for polyphenols [29] , the correlations established between log P calculated using different software packages (KOWWINlog P and XlogP) were lower (r = 0.75), probably due to significant structure differences between two groups of examined compounds. The satisfactory intercorrelation established for ACE inhibitors log P values can indicate that in silico log P values may be suitable in lipophilicity evaluation of investigated drugs.
Data in
The KOWWINlog P, which showed the best correlation, was developed by Meylan and Howard as a fragment contribution method [10] . As it is defined, the each non-hydrogen atom in a compound's structure is a core for a fragment, and the exact fragment is determined by the type of the atoms connected to the core. The calculation of the final log P starts from the measured log P values of compound's structural analogues, which are modified by subtracting and adding fragments and factors to build the examined compound.
In the next stage of the study, hydrophobicity parameters R M 0 and C 0 were correlated with all collected log P values, with the aim to establish the application and reliability of in silico parameters in ACE inhibitors lipo- philicity evaluation. Good correlations [28] , with r > > 0.90, were obtained in the majority of relationships (Table 4) . The best relationships were established between experimentally determined log P O/W values and R M 0 and C 0 parameters obtained for water-methanol mobile phase. The best relationship between R M 0 (r = 0.981) or C 0 (r = 0.977) parameters and calculated log P values was established for KOWWINlog P (Figure 2 ). The KOWWINlog P values previously showed the best relationship with experimentally determined log P O/W (Table 3 ). The Milog P values showed slightly lower correlation coefficients -corresponding values for water-methanol were 0.958 for R M 0 and 0.957 for C 0 (Table 4) . Although AClog P values showed good correlation with experimentally determined log P O/W (Table  3) , the lowest r values were obtained, as presented in Table 4 0.756 (R M 0 ) and 0.735 (C 0 ). Since hydrophobicity parameter C 0 is generally recognized as more reliable measure of a compound's lipophilicity in the RP-TLC, in the final stage of this study, MLR analysis between C 0 values and two diffe- rent calculated log P as independent variable was investigated. The application of MLR using two log P values as independent variables, calculated by different mathematical approaches, should lead to excellent correlation due to benefits of both calculations methods. More than two log P values as independent variables was not appropriate for this study, since the number of investigated compounds was limited to usually prescribed ACE inhibitors.
According to equations obtained by MLR, the predicted C 0 values of investigated ACE inhibitors could be calculated as:
Selected log P values, KOWWINlog P, Milog P, AClog P, were applied in Eq. (4). The AClog P values were chosen for MLR due to its lowest correlations in simple linear regression (Table 4 ). In MLR analysis using AClog P and KOWWINlog P as independent variables, r = 0.994 with acceptable probability values was obtained, while using AClog P and Milog P resulted in a good r value (0.975) but with unacceptable value of probability. Applying variables KOWWINlog P and Milog P, as log P 1 and log P 2 , r value of 0.997 was obtained, but with insufficient probability value, indicating that MLR is not adequate for these two log P values.
Despite the differences observed in absolute log P values, the comparison of the correlations between chromatographically established hydrophobicity parameters, C 0 or R M 0 values, with different calculated log P values led to the conclusion that in silico hydrophobicity parameters, with careful selection of the method calculation, can be considered as suitable, simple and easy approach in ACE inhibitors lipophilicity evaluation.
CONCLUSION
Lipophilicity is one of the most important properties of biologically active substances, and defining an appropriate method for rapid, simple and inexpensive determination of lipophilicity is essential for studies of substances biological activity.
The correlations between in silico hydrophobicity parameters (calculated log P values) and chromatographically (RP-TLC) determined hydrophobicity parameters (R M 0 and C 0 values) obtained by simple linear regression, indicated that KOWWINlog P was the most suitable hydrophobicity parameter for investigated group of ACE inhibitors. Application of two selected log P values, calculated by different mathematical approaches in MLR analysis, led to very good correlation due to benefits of both calculation methods.
The good correlations between in silico hydrophobicity parameters and those chromatographically obtained validated the calculation of log P as a highthroughput screening technique for the evaluation of the selected compounds' lipophilicity.
